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Two Enzymes in One: Two Yeast Peroxiredoxins
Display Oxidative Stress-Dependent Switching from
a Peroxidase to a Molecular Chaperone Function
(SOD), catalase, many kinds of peroxidases (Storz et al.,
1990), and diverse forms of molecular chaperones, such
as heat shock protein (HSP)90, HSP70, HSP60, HSP40,
and small HSPs (sHSPs) (Hendrick and Hartl, 1993).
Recently, a new type of antioxidant protein that re-
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with thioredoxin (Trx) as an electron donor was discov-and Sang Yeol Lee1,2,*
1Division of Applied Life Sciences ered in most prokaryotic and eukaryotic cells. It was
initially called Trx-dependent peroxidase and later re-2 Environmental Biotechnology National Core
Research Center named peroxiredoxin (Prx) (Chae et al., 1994). Although
the overall sequence homology of Prx proteins (Prxs)Gyeongsang National University
Chinju, 660-701 with other proteins that contain the Trx-folding motif is
low, Prxs have nevertheless been classified as novelKorea
3 Laboratory of Cell Signaling members of the Trx-fold superfamily (Schro¨der and
Ponting, 1998). The Prxs were initially divided into twoNHLBI
NIH groups, namely 1-Cys Prxs and 2-Cys Prxs, based on
the number of conserved Cys residues in their se-Bethesda, Maryland 20892
quences. On the basis of structural and mechanistic
information, the 2-Cys Prxs were further divided into
two groups termed “typical” and “atypical”. With regardSummary
to the catalytic processes of these two groups, the typi-
cal 2-Cys Prxs, which include the bacterial AhpC protein,Although a great deal is known biochemically about
form homodimers through an intersubunit disulfide bondperoxiredoxins (Prxs), little is known about their real
that is reduced by electron donors, such as Trx, AhpF,physiological function. We show here that two cyto-
AhpD, and tryparedoxin. The atypical class of 2-Cyssolic yeast Prxs, cPrxI and II, which display diversity
Prxs employs the same catalytic mechanism as typicalin structure and apparent molecular weights (MW),
2-Cys Prxs except that a monomer with an intramole-can act alternatively as peroxidases and molecular
cular disulfide bond, which is also reduced by Trx, ischaperones. The peroxidase function predominates in
produced during H2O2 catalysis (Woo et al., 2003). Inthe lower MW forms, whereas the chaperone function
addition to the report that Prxs regulate peroxide-medi-predominates in the higher MW complexes. Oxidative
ated signaling cascades (Georgiou and Masip, 2003), astress and heat shock exposure of yeasts causes the
large number of Prxs are associated with diverse cellularprotein structures of cPrxI and II to shift from low
functions, such as cell proliferation, differentiation, im-MW species to high MW complexes. This triggers a
mune response, growth control, tumor promotion, apo-peroxidase-to-chaperone functional switch. These
ptotic process, and numerous unidentified functionsin vivo changes are primarily guided by the active per-
(Neumann et al., 2003; Hirotsu et al., 1999). Despite theoxidase site residue, Cys47, which serves as an efficient
multitude of these studies, the true cellular function of“H2O2-sensor” in the cells. The chaperone function of
Prx proteins remains unclear. Particularly perplexing isthese proteins enhances yeast resistance to heat
that Prxs have low catalytic efficiencies compared toshock.
those of catalases or glutathione peroxidases (GPxs).
In addition, they show a marked susceptibility to beingIntroduction
inactivated during the H2O2-catalytic process (Yang et
al., 2002). These observations seriously cast doubt uponReactive oxygen species (ROS) can be produced during
the notion that the sole purpose of Prxs in cells is tothe course of normal aerobic metabolism or when an
act as peroxidases.organism is exposed to a variety of stress conditions
X-ray crystal structures of the 2-Cys Prxs found in(Finkel, 2003; Georgiou and Masip, 2003). ROS can
human erythrocytes and Crithidia fasciculate show thatcause widespread damage to biological macromole-
they form high molecular weight (HMW) toroid structurescules and are believed to play a causal role in many
comprised of five dimers linked together by hydrophobicdegenerative diseases (Demple and Amabile-Cuevas,
interactions (Schro¨der et al., 2000). External condi-1991; Neumann et al., 2003). To protect themselves from
tions can induce these structures to undergo large con-oxidative stress and ROS-mediated protein unfolding
formational changes. With regard to these properties,and aggregation (Butterfield et al., 1999; Kim et al., 2002),
the 2-Cys Prxs resemble sHSPs, most of which are well-all aerobic organisms are equipped with a wide range
ordered oligomers with a defined number of subunitsof antioxidant proteins, including superoxide dismutase
and molecular chaperones (Kim et al., 1998; Haley et
al., 1998). Moreover, certain non-Prx proteins harboring
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the Trx-folding motif have also been shown to be potent4These authors contributed equally to this work.
molecular chaperones. These include protein disulfide5Present address: Department of Plant Biology, Ohio State Univer-
sity, Columbus, Ohio 43210. isomerase (PDI), E. coli Trx, Trx reductase (TR), and
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bacterial HSP33 protein (Wang, 2002; Kern et al., 2003;
Jakob et al., 1999).
As 2-Cys Prxs contain the Trx-folding motif and self-
associate to form HMW complexes, we decided to test
them for chaperone activity. Our genetic and biochemi-
cal studies reveal that the two cytosolic 2-Cys Prxs,
namely, cPrxI and II, of the five yeast Prxs (Park et al.,
2000) can act alternatively as Trx-dependent peroxi-
dases and molecular chaperones. Moreover, we show
that the dual functions of the proteins are reversibly
switched by oxidative stress in association with signifi-
cant structural changes. Since most of the properties of
cPrxI and II that we investigated were indistinguishable
Figure 1. Native- and C47/170S-cPrxI Ameliorate the Hypersensitiv-from each other, and because the antioxidant activity
ity of cPrxI/II Yeast to Heat Shock Stress
and expression level of cPrxI are significantly higher
(A) Comparison of the Trx-dependent peroxidase activities of thethan those of cPrxII (Park et al., 2000; Wong et al., 2002),
native- and C47/170S-cPrxI proteins. Trx-dependent peroxidase ac-
we describe here only the results obtained with cPrxI. tivity was determined as described in the Experimental Procedures.
(B) After heat shock treatment at 43C for 30 min, the colony survival
of wt yeast (1), thecPrxI/II cells transformed with the vector pRS416Results
(2), and the isogenic mutant strain expressing native- (3) or C47/
170S-cPrxI (4) under its own promoter was analyzed. Equal densitiesExpression of the Native and Peroxidase-Inactive
of yeasts (10 l) grown in exponential phase were serially diluted
Forms of cPrxI Ameliorates the Hypersensitivity 101–105-fold and spotted onto YPD plates and their colony-forming
of the cPrxI/II Yeast to Heat Shock abilities were then analyzed after four days incubation at 30C. The
Since Prxs are ubiquitously distributed in nature and data shown in (A) are the means of three independent experiments.
The data shown in (B) are representative of five experiments, all ofmost were initially characterized without reference to
which gave similar results.an antioxidant function, it has been strongly proposed
that these proteins are likely to have additional, more
subtle regulatory functions that operate during normal
or stress conditions (Yang et al., 2002; Georgiou and and II efficiently suppressed the thermal aggregation of
Masip, 2003). To address this issue, we prepared the CS at 43C, whereas no inhibition of CS aggregation
cPrxI/II yeast strain that lacks both of the most abun- was observed when other yeast Prx isotypes or BSA
dant cytosolic yeast Prxs, namely, cPrxI and II. We also was added (Figure 2A). Incubation of CS with increasing
constructed isogenic mutant strains that express the amounts of cPrxI resulted in a concomitant decrease in
native or Cys-less cPrxI gene under the control of its CS aggregation, and at a subunit molar ratio of cPrxI to
own promoter on the pRS416 plasmid. We then deter- CS of 2:1, CS aggregation could be completely sup-
mined how these mutant strains responded to heat pressed (Figure 2B). cPrxI can also efficiently protect
shock by incubating them at 43C for 30 min. Signifi- the insulin  chain from DTT-induced precipitation (Fig-
cantly, the expression of C47/170S-cPrxI in thecPrxI/II ure 2C). Under our assay conditions, the chaperone ac-
yeast, which lacks peroxidase activity (Figure 1A), con- tivities of the well-known chaperone proteins, namely,
sistently conferred cPrxI/II cells with heat shock resis- HSP16.5 of Methanococcus jannaschi (Kim et al., 1998)
tance, although the level of resistance was still lower and -crystallin, were about 15- and 3-fold weaker than
than that observed for the wt cell (Figure 1B). This sug- that of cPrxI, respectively. Moreover, it has been re-
gests that the ability of cPrxI to protect the cPrxI/II cell ported that an 8-fold molar excess of goat tubulin and
from heat shock is not exclusively due to its peroxidase 14–15 moles of HSP16 in Caenorhabditis elegans are
activity. Instead, part of the resistance appears to be required to protect one mole of CS (Manna et al., 2001).
due to another as yet unidentified function of the protein. Thus, cPrxI can act as a highly efficient molecular chap-
These data support the notion that cPrxI has another erone.
function that is unrelated to its antioxidant activity and The interaction of nonnative substrates with cPrxI was
that is involved in other cellular processes. confirmed by using the fluorescent compound bis-ANS,
which binds to hydrophobic clusters of aminoacyl resi-
dues (Sharma et al. 1998). When bis-ANS was bound tocPrxI Functions Both as a Peroxidase
cPrxI, its emission maximum was shifted from aboutand as a Molecular Chaperone
520 nm to the shorter wavelength of 470 nm (FigureMultiple sequence- and structure-based alignments of
2D). The fluorescence intensity was significantly in-the 2-Cys Prxs indicate that they contain not only highly
creased by heat treatment, which indicates that moreconserved Cys residues, similar to the E. coli chaperone
hydrophobic patches of cPrxI are exposed by the treat-HSP33 (Jakob et al., 1999), but also a Trx motif, which
ment. From these results, it can be concluded that cPrxIhas been shown to play a plausible role in chaperone
and II function both as peroxidases and as molecularfunctioning of E. coli Trx (Kern et al., 2003). To identify
chaperones. These dual activities and the fact that theanother function of 2-Cys Prxs that endows cPrxI/II
amino acid sequences of these proteins do not shareyeast with resistance to heat shock (Figure 1), we investi-
significant similarity with other chaperone sequencesgated the chaperone activity of the five yeast Prxs by
suggest that they constitute another family of proteinassessing their ability to inhibit the thermal aggregation
of the model protein substrate CS. We found that cPrxI chaperones.
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of the proteins in the first SEC fraction, which contained
the largest cPrxI complexes, were too high to penetrate
the pores of a 10% native-polyacrylamide gel, and thus
were retained at the top of the separating gel. In con-
trast, the last fraction contained proteins with molecular
masses ranging from about 40 to 120 kDa. Unlike the
result of native-PAGE analysis, SDS-PAGE of all the
fractions revealed a single band with a MW of 23 kDa,
which is the monomeric size of the cPrxI protein (Figure
3B, lower image). These observations suggest that in
its native condition, cPrxI exists as a homopolymeric
complex made up of various numbers of cPrxI monomer.
To analyze the oligomeric structures of cPrxI, we ex-
amined the proteins that had been separated by SEC by
electron microscopy (EM). EM of the negatively stained
protein fractions revealed three different configurations,
namely, spherically shaped and ring-shaped structures
and irregularly shaped small particles (Figure 3C). The
spherically shaped particles observed in the F-I fraction
were subjected to rotational and translational alignment
and could be classified into three groups based on ei-
genvector-eigenvalue data analysis (Figure 3D, F-I). Re-
Figure 2. cPrxI, a Trx-Dependent Peroxidase, Also Functions as a markably, the projected images of the class averages
Molecular Chaperone revealed spherical particles with diameters ranging from
(A–C) The chaperone function of cPrxI was measured by using CS 22 to 28 nm, possibly reflecting the number of cPrxI
and insulin as substrates. molecules in each particle. The oligomeric structures
(A) 1 M CS () in 50 mM HEPES, [pH 7.0], was incubated in a of the F-II proteins were also determined by electron
spectrophotometer cell at 43C with 2 M BSA (), cPrxI (),
microscopy and image processing (Figure 3D, F-II). De-cPrxII (), or cPrxIII, mPrx, and nPrx ().
pending on the orientation of the grid, EM of the F-II(B and C) Effect of cPrxI concentration on the thermal aggregation
fraction showed two basic views, namely, ring-shapedof CS at 43C (B) or on the 10 mM DTT-induced chemical aggregation
of insulin at 25C (C), in the absence () or presence of cPrxI at structures with an end-on orientation (F-II, 1-4) and dou-
molar ratios of cPrxI to substrates of 0.25:1 (), 0.5:1 (), 1:1 ble-dot structures with a side-on orientation (F-II, 5-8).
(), and 2:1 (). Substrate aggregation was monitored by A total of 409 end-on views of well-stained particles were
measuring the light scattering at A360. translationally and rotationally aligned and subjected(D) Fluorescence spectra of bis-ANS were measured with excitation
to multivariate statistical analysis (van Heel and Frank,at 370 nm and emission scanning at 400–600 nm. The samples used
1981). For purposes of classification, we selected thewere 5 M bis-ANS (a), 10 M cPrxI (b), and 5 M bis-ANS plus 10
M cPrxI incubated at 25C (c) or 50C (d) for 30 min. All the data four most significant eigenvectors (Du¨rr, 1991). By using
shown are the means of at least three independent experiments. this approach, we defined three classes according to
the feature similarity. Unsymmetrized class averages of
end-on views revealed an unequivocal 5-fold symmetry.Recombinant cPrxI Produced in E. coli Forms
The averaged image of end-on views of F-II complexesDifferently Sized HMW Protein Structures
showed five centers of mass arranged as a ring withA well-conserved feature of molecular chaperones is
heavy stain accumulation in the center of ring (F-II, 4).their tendency to associate into dimers, trimers, and
The diameters of the ring and the central hole werehigh oligomers in a reversible fashion (Hendrick and
approximately 14 and 5 nm, respectively. The averagedHartl, 1993). In particular, many sHSPs are known to
image of 170 side-on views of F-II complexes is shownform HMW complexes in vivo, which is a prerequisite
in Figure 3D (F-II, 8). This average revealed a double-for their chaperone activity (Haley et al., 1998). Since
dot structure with an equal distribution of mass acrossseveral Prxs, including the human NKEF, AhpC, calpro-
the horizontal plane of the complex. Unlike the proteinmotin, HBP23, and Prx-B form HMW complexes with
structures of F-I and F-II, the proteins in the last fractionmasses of 230–500 kDa (Schro¨der et al., 2000; Hirotsu
(Figure 3C, F-III) did not form a regular structure. Theet al., 1999), we determined the molecular masses of
SEC and native-PAGE analysis of the molecular sizespurified yeast Prxs by SEC. We found that recombinant
of F-III suggests that they consist of dimers or tetramerscPrxI and II expressed in E. coli produced differently
of cPrxI.sized HMW protein complexes (Figure 3A), whereas
cPrxIII, mPrx, and nPrx behaved as a monomer or dimer
in SEC (data not shown). The molecular masses of the Heat Shock and Oxidative Stress Cause cPrxI to
Undergo Structural Changes that Are AccompaniedcPrxI complexes separated by SEC ranged from about
40 kDa to more than 1000 kDa. The molecular size-range by a Functionally Switch from a Peroxidase
to a Molecular Chaperone In Vitroof the proteins in each fraction from SEC was analyzed
again by Western blotting on a native-PAGE. Multiple As cPrxI forms HMW complexes ranging in size from 40
to 1000 kDa and functions both as a peroxidase and asforms of differently sized protein complexes were de-
tected by the cPrxI-specific antibody in each protein a molecular chaperone, we explored the specific activi-
ties of the two functions in the three protein fractionsfraction (Figure 3B, upper image). The molecular sizes
Cell
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Figure 3. Protein Structures of cPrxI Analyzed by (A) SEC, (B) Native-PAGE, and (C and D) Electron Micrography
(A) SEC was performed using a TSK G4000SWXL column as described in the Experimental Procedures. The separated proteins were divided
and pooled into three fractions (F-I, F-II, and F-III) for further analysis.
(B) Each fraction in SEC was subjected to Western blotting with a polyclonal anti-cPrxI antibody after separating the protein by 10% native
(upper image) or 12% SDS-PAGE (lower image). The numbers in (A) (on the chromatogram) and (B) (on the left side) represent the MWs of
the standard proteins.
(C) Electron micrographs of the F-I to F-III proteins were obtained by negative staining with 2% uranyl acetate. The scale bar represents 100 nm.
(D) Multivariate statistical analysis of cPrxI complexes.
In (F-I), the class averages of the spherically shaped complexes (1–3) are grouped according to the similarity of features based on eigenvector-
eigenvalues. In (F-II), the nonsymmetrized class averages of end-on view (1–3) were derived from 409 translationally and rotationally aligned
particles using the four most significant eigenvectors and processed in average (4). The class- and correlation-averages of 170 side-on views
(5–8) show a double-dot structure with an equal mass distribution. The numerals shown below the class averages are the numbers of particles
seen in each class. The scale bar represents 10 nm.
separated by SEC (Figure 3A). To test whether the pro- as the molecular weight of the cPrxI complex increased
(Figure 4A, b, inset). Thus, the dual functions of cPrxItein structures of each fraction were stable, the protein
fractions were subjected to rechromatography under are associated with its ability to form distinct protein
structures.the same conditions described in Figure 3A. We found
that the proteins were eluted with nearly the same reten- sHSPs exhibit chaperone activity by forming HMW
complexes during heat shock (Haley et al., 1998; Hen-tion times as in the first SEC, which suggests that the
protein structures are sufficiently stable so as not to be drick and Hartl, 1993). We found that like sHSPs, the
protein structure and functions of native-cPrxI were sig-changed during experimentation in vitro (Figure 4A, a).
This was also confirmed by Western blotting after na- nificantly changed when they were incubated for 30 min
at various temperatures (Figure 4B, a). As the incubationtive- and SDS-PAGE (data not shown). When we investi-
gated the chaperone and peroxidase activities of the temperature increased, the HMW protein peak also in-
creased significantly. This was matched by a concomi-F-I to F-III fractions, remarkable results were obtained.
The highest MW protein complexes (F-I) exhibited only tant decrease in the levels of the LMW protein fraction.
This suggests that the lower MW proteins are assembledchaperone activity and the lowest MW fraction (F-III)
displayed only peroxidase activity, whereas the middle- into higher MW complexes during heat stress. C47/
170S-cPrxI also formed HMW complexes during heatsized proteins (F-II) displayed both peroxidase and
chaperone activities, as did total protein (Tot) (Figure shock (data not shown). In addition to this structural
change, the chaperone activity of cPrxI was also greatly4A, b). These results suggest that multimerization of
the protein complexes promotes chaperone activity and increased following heat treatment (Figure 4B, b). A
temperature shift from 55C to 65C caused about athat dissociation of the complexes into low MW (LMW)
species enhances peroxidase activity. This notion was 3-fold increase in cPrxI chaperone activity, while at 75C
the activity was remarkably increased by about 30-fold.confirmed by analysis of the bis-ANS binding to each
protein fraction which showed that more bis-ANS bound In contrast, the peroxidase activity of heat-treated cPrxI
Structural and Functional Switching of 2-Cys Prxs
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Figure 4. The Dual Functions of cPrxI Are Regulated by Heat Shock and Oxidative Stress and Correlate with Structural Changes in cPrxI
(A, a) The F-I  F-III proteins in Figure 3A were concentrated and each fraction was rechromatographed by SEC under the same conditions
as in Figure 3A.
(A, b) The protein levels in the three fractions and an aliquot of total protein (Tot) were equalized and their specific chaperone () and
peroxidase () activities were measured. The activities of the three fractions were compared to those of total protein, whose activity was set
to 100%. Inset, The binding affinity of bis-ANS (Con) to total protein (Tot) or each protein fraction (F-I to F-III) in (A) was measured as described
in the legend of Figure 2D.
(B, a) cPrxI was heat shocked at various temperatures for 30 min and the resulting proteins were separated by SEC.
(B, b) Relative activities of the chaperone () and peroxidase () functions of the heat shock-treated proteins were measured and compared
to those of cPrxI incubated at 25C.
(C, a) Relative activities of the chaperone () and peroxidase () functions of the cPrxI were measured at the presence of 5 M Trx, 0.3 M
TR, 0.2 mM NADPH, and various concentrations of H2O2. The activities were compared to those of cPrxI measured under the same conditions
containing 0.1 mM H2O2.
(C, b) After exposing cPrxI to 5 mM H2O2 for 10 min, its structural changes were analyzed by native-PAGE and Western blotting with or without
a Trx system. Note that the Y-axis in (B, b) and the X-Y axes in (C, a) are in log-scale.
(D) After preincubating 20 M cPrxI with 10 M CS at either 25C or at 43C for 30 min, the mixtures were separated by SEC (a and c) and
each fraction was analyzed on SDS-PAGE (b and d) followed by silver staining.
(E) Comparison of the in vitro chaperone activity of C47/170S-cPrxI with that of native cPrxI, which was set to 100%. All the data shown are
the means of at least three independent experiments.
gradually decreased with the increase in temperature creased about 10-fold, whereas its peroxidase activity
was greatly decreased (Figure 4C, a). However, in con-and almost no peroxidase activity was detected in the
sample incubated at 75C. trast to the temperature-dependent control, the H2O2-
mediated switching process occurred only when nativeSignificant structural and functional changes of cPrxI
were also obtained when cPrxI was treated with H2O2 cPrxI protein was used with the Trx system, whereas
C47S- or C47/170S-cPrxI did not show this H2O2 effectin the presence of a Trx system containing Trx, TR, and
NADPH in vitro (Figure 4C). When more than 2 mM H2O2 when investigated under the same assay conditions
(data not shown). This suggests that the Cys47 residuewas present, the chaperone activity of cPrxI was in-
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Figure 5. Oxidative Stress- and Heat Shock-
Dependent Reversible Switching of cPrxI
Structures In Vivo
(A) Yeast cells were grown to exponential
phase and divided into three equal portions.
At time zero, each aliquot was challenged
with different patterns of H2O2 as depicted.
The white and gray boxes indicate the dura-
tion of cell culture in YPD medium with ( )
or without () 0.5 mM H2O2.
(B–D) At the end of cell cultivation (30 min)
as shown in A, crude proteins extracted from
wt, trx1/2, srx1, or cPrxI/II cells express-
ing cPrxIC47S or cPrxIC170S were separated on
native-PAGE (B and D) and 2D-gels (C) and
subjected to immunoblotting with an anti-
cPrxI antibody. The isoelectric points of oxi-
dized (Ox) and reduced (Re) cPrxI in (C) are
4.7 and 4.9, respectively.
(E) Immunoblot analysis of cPrxI extracted
from wt yeast treated with hyperaerobic
stress (95% O2 /5% CO2) instead of H2O2. The
challenge and recovery times of the stress
were changed to 30 min each.
(F) EM structures of cPrxI proteins purified
from the exponentially grown wt yeast that
had been finally treated in the absence (a) or
presence (b) of 1 mM H2O2 for 10 min.
(G) Effect of 10 min of heat shock and/or oxi-
dative stress on the HMW cPrxI complex for-
mation in wt yeast. Proteins extracted from
the cells were analyzed by immunoblotting
on a native-PAGE.
(H) After exposing wt yeast to various heat
shock and/or oxidative stress conditions, ROS
generated by the cells was analyzed by reacting them with 1 mM 2,7-DCFH-DA under a confocal fluorescence microscope. Relative intensity
(Rel. int.) was calculated for 200 cells from each group. The light and DCF fluorescence fields are in the upper and lower image, respectively.
All the data shown are representative of at least three independent experiments, all of which gave similar results.
of cPrxI and the Trx system are indispensable for the was nearly completely precipitated, resulting in no pro-
tein peak during SEC (data not shown).H2O2-dependent regulation of its chaperone activity. The
result was confirmed again by analyzing H2O2-depen- The dual functions of cPrxI urged us to investigate
whether the conserved Cys residues, which are essen-dent structural changes by Western blotting on a native
PAGE gel (Figure 4C, b). From these results, it can be tial for its peroxidase activity, are also required for its
chaperone function. The in vitro chaperone activity ofconcluded that the heat shock-dependent in vitro regu-
lation of cPrxI activity that occurs under nonphysiologi- the C47/170S-cPrxI mutant that lacked peroxidase ac-
tivity (Figure 1A) was about 90% that of native cPrxIcal conditions must involve a mechanism that differs at
least partly from the mechanism that regulates cPrxI (Figure 4E), which suggests that the Cys residues of
cPrxI are not critical for in vitro chaperone activity atactivity during oxidative stress.
Since molecular chaperones have been reported to 43C.
associate physically with denatured substrates to inhibit
nonproductive aggregation (Hendrick and Hartl, 1993), Exposure of Yeasts to Oxidative Stress or Heat Shock
Induces Reversible Changes in cPrxI Structurewe investigated whether cPrxI binds to partially dena-
tured proteins. Although cPrxI displayed partial hy- In Vivo Caused by Oxidation of the Catalytic
Cys-thiol into Cys-Sulfinic Aciddrophobic domain exposition at 25C (Figure 2D), CS
did not interact with cPrxI at all at 25C, probably be- Based on a report that showed the peroxidase activity
of Prxs was rapidly inactivated by bursts of intracellularcause CS was still in its native conformation at this
temperature (Figure 4D, a and b). However, when cPrxI peroxide production (Yang et al., 2002), we analyzed the
structural changes of cPrxI that occurred in vivo in wtwas incubated with CS at 43C for 30 min and then
subjected to SEC, there was a significant increase in and mutant yeasts exposed to oxidative stress and heat
shock (Figure 5). After culturing the yeasts with or with-the levels of CS that coeluted with the highest MW form
of cPrxI. This was associated with a concomitant de- out 0.5 mM H2O2 as shown by the scheme depicted in
Figure 5A, crude extracts prepared from the cells werecrease in the amount of free CS. The physical associa-
tion of cPrxI with nonnative CS was verified by SDS- subjected to Western blot analysis on a native-PAGE
gel (Figure 5B). The cPrxI proteins obtained from H2O2-PAGE, which showed that cPrxI and CS subunits were
present in the highest MW fraction resulting from SEC untreated wt or native cPrxI-expressing cPrxI/II yeast
cells consisted of multiple forms of low and oligomeric(Figure 4D, c and d). In contrast, CS that had been
preincubated at 43C for 30 min in the absence of cPrxI structures along with a small amount of HMW com-
Structural and Functional Switching of 2-Cys Prxs
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Figure 6. Effect of Expressing Various Forms of cPrxI in cPrxI/II Cells with or without H2O2 Pretreatment on Heat Shock Resistance and
Protein Solubility
(A–B) Heat shock resistance of wt yeast (1), cPrxI/II cells transformed with the vector pRS416 (2), or isogenic mutant strains expressing
native (3), C47S- (4), C170S- (5), or C47/170S-cPrxI (6) under its own promoter was analyzed. The yeasts grown in YPD medium to 5  107
cells/ml were preincubated at 30C for 10 min in the absence (A) or presence (B) of 0.2 mM H2O2. After the treatments, an aliquot from each
strain was placed in a test tube and incubated at 43C. The cell viability of the samples taken at the times indicated was then measured. Cell
survival is expressed as the percentage of number of viable cells incubated at 43C to the number of cells before heat shock exposure. The
inset in (A) shows Western blotting with a cPrxI-specific antibody of the total extracts obtained from the yeast cells (1–6).
(C) Prevention of heat shock-induced protein aggregation in the yeast cultures used in (B). At time zero and 20 min at 43C, culture aliquots
from each yeast strain were withdrawn and analyzed for the amount of insoluble protein by cell lysis and centrifugation. The insoluble fractions
were subjected to SDS-PAGE followed by silver staining.
plexes (wt-a). When these cells were challenged with In contrast to native cPrxI, Cys47-lacking cPrxI isolated
from H2O2-untreated cPrxI/II cells expressing C47S- or0.5 mM H2O2 for 10 min, most of the LMW proteins were
converted into HMW complexes, although some of the C47/170S-cPrxI consisted of low and small oligomeric
proteins that did not respond to H2O2 stress at all (Figuremiddle-sized oligomeric proteins did not respond to the
treatment (wt-b). However, the HMW complexes re- 5D, cPrxIC47S). This suggests that the peroxidase active
site, Cys47, is essential for H2O2-mediated HMW complexturned to their original structures within 20 min after
removal of the H2O2 (wt-c). Although structural change formation of cPrxI in vivo. However, the cPrxI molecules
extracted from isogenic cells expressing C170S-cPrxIof the middle-sized proteins was not detected even at
higher concentrations of H2O2, we found that the H2O2- consisted of LMW and oligomeric proteins along with
large amounts of HMW complexes that formed evenmediated HMW complex formation of cPrxI is depen-
dent on the concentration of H2O2 (data not shown). In before H2O2 treatment (Figure 5D, cPrxIC170S). Given the
data showing the catalytic Cys oxidation of cPrxI inparticular, no H2O2-induced structural change of cPrxI
was found in a Trx-deficient yeast (Figure 5B, trx1/2), Figure 5C, it is likely that in the absence of Cys170, the
Cys47 residue of C170S-cPrxI becomes so sensitive towhich suggests that Trx is essential for the HMW com-
plex formation of cPrxI in vivo. oxidative stress that it may be hyperoxidized, resulting
in the formation of HMW complexes even in normallyA previous report indicated that the active Cys-thiol
of cPrxI is hyperoxidized to Cys-sulfinic acid during H2O2 growing yeast cells in vivo. These results together with
the observed normal in vitro chaperone activity of C47/exposure and that the hyperoxidized protein is reduced
by srx1 (Biteau et al., 2003). On the basis of these obser- 170S-cPrxI (Figure 4E) suggest that LMW forms of cPrxI
are multimerized by two different pathways. One is H2O2-vations, we investigated the oxidation status of the cPrxI
after H2O2 treatment and assessed the role of srx1 in sensitive and the other is H2O2-insensitive. In the former
reaction, the active peroxidase site Cys47 is criticallyits H2O2-dependent structural changes. We found that
although cPrxI insrx1 cells was oligomerized into HMW involved in HMW complex formation, whereas the H2O2-
independent process does not require Cys47 to formcomplexes by H2O2, the protein did not revert to its
original structures even after the removal of H2O2 (Figure oligomeric proteins from LMW species. HMW com-
plexes of cPrxI were also formed by different oxygen5B, srx1). This suggests that srx1 plays a critical role
in the recovery of cPrxI structures. When we analyzed tensions. Yeast cells grown aerobically contained low
and oligomeric forms of cPrxI as major structures butthe oxidation status of cPrxI by immunoblotting of 2D-
gels, we found that most of the cPrxI existed in a reduced a significant portion of the protein was oligomerized
into HMW complexes when the cells were cultured inform in wt yeast but that H2O2 treatment significantly
increased the amounts of oxidized cPrxI (Figure 5C, wt). hyperaerobic atmospheres (95% O2/5% CO2) (Figure
5E). As with H2O2, the HMW complexes of cPrxI revertedWhen H2O2 was removed, the proportion of the reduced
enzyme increased rapidly along with a concomitant de- to their original structures after the oxygen tension was
reduced. The H2O2-dependent formation of HMW cPrxIcrease in the oxidized enzyme levels. However, removal
of H2O2 was not sufficient to reduce the oxidized form complexes in vivo was confirmed by EM analysis of the
proteins purified from exponentially grown wt yeast thatof cPrxI in srx1 cells (Figure 5C, srx1). These results
strongly suggest that the redox-dependent association had been exposed to 1 mM H2O2 (Figure 5F).
Since a large body of evidence supports the notionof cPrxI with Trx and srx1 plays an important role in the
switching of cPrxI protein structures and functions. that heat shock is a form of oxidative stress (Davidson
Cell
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Figure 7. A Model of the Heat Shock or Oxi-
dative Stress-Dependent Structural and
Functional Switching of cPrxI from a Peroxi-
dase to a Molecular Chaperone
Two classes of cPrxI protein with different
structures are formed by two independent
pathways, H2O2-insensitive (A) and H2O2-sen-
sitive (B). One class of cPrxI consists of di-
mers, tetramers, and oligomers. This class is
formed during normal conditions without the
participation of the Cys47 residue of cPrxI. The
other class contains HMW complexes, which
can be formed in vivo by the Cys47-mediated
polymerization pathway only when a certain
level of ROS is present. ROS can be gener-
ated by external stress, such as heat shock or
oxidative stress. The Trx system containing
Trx, TR, and NADPH is also necessary for the
formation of HMW complexes of cPrxI, while
Srx1 is essential for the dissociation of com-
plexes into LMW protein species. The LMW
cPrxI functions predominantly as a Trx-dependent peroxidase that catalyzes H2O2, while the HMW protein acts as a superchaperone that
effectively prevents the denaturation of protein substrates from external stresses. The dual functions of cPrxI undergo reversible switching
when subjected to heat shock or oxidative stress in vivo and the reversion is accompanied by a structural change in cPrx1 from a low to a
high MW protein species. In this regulatory mechanism, the Cys47 residue of cPrxI acts as a highly efficient “H2O2-sensor” in yeast cells.
et al., 1996), we analyzed the effect of temperature on cPrxI/II yeasts transformed with the Cys-mutant cPrxI
constructs expressed the corresponding proteins atthe structural changes of cPrxI in vivo. Whereas yeast
levels that were similar to that of cPrxI expressed by wtcells that were incubated at 43C for 10 min caused
yeast (Figure 6A, inset). The capacity of cPrxI to preventno structural changes in cPrxI, a significant structural
heat shock-induced loss of cell viability and protein ag-transition from LMW to HMW complexes was induced
gregation was investigated by using yeasts grown toby heat shock exposure of the cells at 46C for 10 min
the middle of exponential phase. To measure heat toler-(Figure 5G). These results suggest that, like the effect
ance, equal numbers of yeast cells were preincubatedof oxidative stress, the structural and functional regula-
in medium with or without 0.2 mM H2O2 for 10 min andtion of cPrxI is sensitively tuned in vivo to the degree
the cells were then transferred to 43C. After harvestingof heat shock imposed on the cells. In particular, we
at different time points, the cells were plated on YPDalso found that the addition of low amounts of H2O2 (50
plates to determine colony-forming ability. Upon expo-M) to the cells exposed at 43C caused cPrxI to shift
sure of the cells to 43C for 30 min in the absence ofremarkably from a LMW complex to a HMW complex
H2O2 (Figure 6A), survival rates of the cPrxI/II cells andwithin 10 min. To investigate the relationship between
the isogenic lines expressing C47S- or C47/170S-cPrxIheat shock and oxidative stress in vivo, we measured
were greatly reduced to 12% and 48% of cell numbersthe intracellular levels of ROS generated by heat shock
counted before the heat shock treatment at 43C, respec-by using DCF staining and confocal fluorescence mi-
tively. In contrast, wt yeast and the cPrxI/II strain thatcroscopy (Figure 5H). We found that the structural shift
expressed native or C170S-cPrxI showed about 62%–in cPrxI is closely related to the amount of ROS gener-
73% survival. These observations suggest that theated by the heat shock treatment. This strongly indicates
chaperone function of cPrxI remarkably enhances yeastthat the protein structures and functions of cPrxI are
resistance to heat shock. In addition, we found that themainly regulated by the levels of cellular ROS. In addi-
preincubation of the cells with 0.2 mM H2O2 for 10 mintion, like the effect of oxidative stress, it was shown
significantly improves the heat shock resistance of thethat Cys47 of cPrxI was also necessary for heat shock-
wt or cPrxI/II cells that express native-cPrxI (Figureinduced HMW complex formation in vivo (data not
6B). However, H2O2 preincubation did not improve theshown).
resistance conferred by the cPrxI mutants that lacked
Cys47, namely C47S- and C47/170S-cPrxI, as expected
Expression of cPrxI Endows Yeast Cells with Heat from the previous observation that this amino acid is
Shock Resistance essential for the structural and functional switching of
It is important to investigate the physiological signifi- cPrxI in vivo. The difference in the cell survival rates of
cance of the heat shock- or oxidative stress-mediated the cPrxI/II yeasts expressing native cPrxI and Cys47-
structural and functional switching of cPrxI from a per- deficient-cPrxI can be attributed to their different chap-
oxidase to a molecular chaperone. Moreover, the fact erone activities. Thus, the data presented in Figure 6A
that the H2O2-dependent regulation of cPrxI is already and 6B confirm that the Cys47-mediated H2O2-sensitive
activated by the presence of less than 0.5 mM H2O2, chaperone activity of cPrxI in vivo is much stronger
which does not affect cell viability or damage cellular compared to the chaperone activity of Cys47-deficient-
components, is intriguing. To address these issues, we cPrxI, which is independent of H2O2 stress. Also, we
expressed various forms of cPrxI incPrxI/II yeast under observed that the chaperone function of cPrxI induced
by 0.2 mM H2O2 pretreatment strongly protects yeastcontrol of the cPrxI promoter on the pRS416 vector. The
Structural and Functional Switching of 2-Cys Prxs
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cells from oxidative stress against nonphysiologically due of cPrxI is not involved in the formation of these
low and oligomeric protein structures. However, underhigh concentrations of H2O2 (more than 10 mM H2O2)
(data not shown). These results suggest that a low, non- oxidative stress conditions, cPrxI rapidly undergoes
structural changes and the LMW form is converted intostressful level of H2O2 induces a functional transition
of cPrxI from a peroxidase to a molecular chaperone, HMW complexes with the help of the Trx system. These
changes are induced by Cys47, which acts as a highlythereby eliciting an adaptive response that counteracts
the toxicity at much higher levels of other stresses, as efficient “H2O2-sensor” in cells experiencing oxidative
stress. The structural change is associated with a func-described previously (Demple and Amabile-Cuevas,
1991). tional transition as cPrxI now acts as a superchaperone.
In the presence of srx1, which can reduce Cys-sulfinicBased on the report that loss of cell viability may
be related to the aggregation of thermolabile proteins acid to Cys-thiol protein (Biteau et al., 2003), the dissoci-
ation of the HMW complexes into LMW species occurswithin the cells (Tomoyasu et al., 2001), we analyzed the
ability of cPrxI to prevent protein aggregation in heat on removal of H2O2. This change turns on the peroxidase
function of cPrxI and lowers the chaperone activity toshocked yeast strains after pretreatment with 0.2 mM
H2O2 for 10 min. To detect the proteins that were aggre- the basal level. In conclusion, we have found that Cys47-
dependent and -independent reactions of cPrxI partici-gated after stress, we adapted a protocol developed
by Tomoyasu et al. (2001), which reduces background pate in the association or dissociation of the protein and
that this regulates cPrxI function during heat shock orlevels and greatly increases the sensitivity of aggregate
detection. Only a few aggregated protein bands were oxidative stress. This model may explain why yeast cPrxI
can inhibit the inactivation of glutamine synthetase eveninduced by a 10 min preincubation with 0.2 mM H2O2 in
any of the yeast strains at 30C (Figure 6C). In contrast, under high concentrations of H2O2 (10 mM) (Netto et al.
1996). Given that the catalytic efficiencies of Prxs aresignificant amounts of aggregated proteins were ob-
served in cPrxI/II cells and the isogenic mutant yeast relatively low (105 M1S1) compared to those of GPxs
(108 M1S1) and catalases (4 108 M1S1) using H2O2expressing C47S- or C47/170S-cPrxI after heat shock for
20 min. The expression of native or C170S-cPrxI protein as a substrate (Wood et al., 2003), it is likely that in high
oxidative-stress conditions other strong antioxidant en-incPrxI/II yeast remarkably prevented the stress-induced
aggregation of soluble proteins. These results show that zymes such as catalases or GPxs may take over the
role of eradicating oxygen radicals.the protection of the yeasts from heat shock does not
depend on the peroxidase activity of cPrxI but on its Like cPrxI, oxidant receptor peroxidase1 (Orp1),
which is another GPx-like thiol peroxidase in yeast, alsochaperone function, which is greatly increased by mild
oxidative stress. exists in two forms that have two different functions
(Delaunay et al., 2002). The redox-signaling function of
Orp1 allows it act both as a sensor and as a transducerDiscussion
of the H2O2 signal to Yap1. Moreover, the addition of
one amino acid to AhpC, a bacterial 2-Cys Prx, convertsMost 2-Cys Prxs have been found to form condition-
the protein from a peroxidase into a disulfide reductasedependent oligomeric species (Schro¨der et al., 2000).
(Ritz et al., 2001). The phenomenon of “gene sharing,”However, the physiological relevance of the association
in which a gene encoding a single protein may acquireor dissociation of these proteins has not been clear.
a second function without losing its primary function, isMoreover, the involvement of the sulfide groups of 2-Cys
similar to the oxidation-dependent dual function prop-Prxs in the formation of these oligomeric structures was
erty of cPrxI described here. Gene sharing occurs innot elucidated. During our studies on yeast Prx en-
-crystallin (Haley et al., 1998) and in several proteases,zymes, we found that cPrxI and II play dual functions
including ClpA, ClpX, FtsH, the mitochondrial AAA com-as they can act on the one hand as a peroxidase and
plex, and Lon (Suzuki et al., 1997).on the other hand as a molecular chaperone, and that
Considerable in vivo evidence supports the notionthese functions are associated with dynamic exchanges
that the chaperone function of 2-Cys Prxs is functionallyin their quaternary structures. We also discovered that
important in protecting cells from oxidative stress. Forthese structural and functional changes were sensitively
example, we found that cPrxI significantly preventedcontrolled by heat shock and oxidative stress. More-
oxygen radical-mediated denaturation and aggregationover, our data show that the heat shock-mediated struc-
of -synuclein (data not shown), which is a key compo-tural and functional regulation of cPrxI is induced by the
nent of Lewy bodies found in the brains of patients withROS generated within the yeast cell by the heat stress.
Parkinson’s disease (PD) and Alzheimer’s disease (AD)Our observations allow us to draw a comprehensive
(Kim et al., 2002). This result suggests that the chaper-model that shows how cPrxI can function both as a
one function of cPrxI may be effective in preventingperoxidase and as a molecular chaperone during oxida-
the radical-induced aggregation of cytosolic proteinstive stress (Figure 7). This model shows that cPrxI can
in both yeast and mammalian cells. It has also beenreversibly change its protein structures in vivo from
observed that the suppression of 2-Cys Prx in Arabi-LMW species to oligomeric and HMW complexes by
dopsis significantly damages the photosynthetic ma-two different pathways. At low concentrations of ROS
chinery and causes a polysymptomatic defect in plantgenerated under normal conditions, cPrxI forms mainly
development (Baier and Dietz, 1999). Notably, it haslow and oligomeric protein structures with a small
been observed that cyclophilin A and 18 proteins, whichamount of HMW complex. cPrxI in these forms pos-
belong to another class of mammalian chaperone, bindsesses the dual activities that remove low levels of ROS
and protect proteins from denaturation. The Cys47 resi- to a 2-Cys Prx and that the complex may cooperate to
Cell
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al., 1994). The chaperone activity of the proteins was measuredprevent oxidative protein damage caused by anoxia,
by using CS and insulin as substrates (Hendrick and Hartl, 1993).ischemia, or cytotoxic agents (Jaschke et al., 1998).
Turbidity due to substrate aggregation was monitored in a DU650Apart from the physiological stress-resistance en-
spectrophotometer (Beckmann, USA) equipped with a thermostatic
dowed by 2-Cys Prxs, a large number of papers have cell holder. Hydrophobic domain exposure of Prxs was examined
reported that the expression of 2-Cys Prxs is closely by measuring the binding of bis-ANS to the proteins at either 25C
or 50C with a SFM25 spectrofluorometer (Kontron, Germany) asassociated with a variety of human diseases, such as
described (Sharma et al. 1998).neurodegenerative disorders, Alzheimer’s disease, Down
syndrome, thyroid tumors, breast cancer, lung cancer,
Electron Microscopy and Image Processingand tumor protection (Wood et al., 2003). In particular,
cPrxI was applied to glow-discharged carbon-coated copper grids.transgenic mice lacking PrxI have a shortened life span
After allowing the protein to absorb for 1–2 min, the grids were rinsed
because they develop hemolytic anemia and several with deionized water and stained with 2% (w/v) uranyl acetate. The
malignant cancers (Neumann et al., 2003). These results electron micrograph (EM) images were recorded with an FEI Technei
12 microscope at an acceleration voltage of 120 kV and a magnifica-strongly suggest that the 2-Cys Prxs, like the sHSPs,
tion of  51,600. Light-optical diffractograms were used to selectmay help to protect host cells against various diseases.
micrographs in order to examine for defocus and to verify that noIn conclusion, the dual functions of 2-Cys Prxs in modu-
drift or astigmatism was present. Suitable areas were digitized aslating ROS concentrations and preventing protein ag-
arrays of 1024  1024 pixels with Leaf Scan 45 at a pixel size of 20
gregation may play pivotal roles in cellular response to m, which corresponds to 0.38 nm at the specimen level. For image
pathogens and external stresses. processing, the SEMPER and EM software packages were used
(Hergel, 1996). From digitized micrographs, smaller frames of 64 
64 pixels containing individual particles were extracted interactivelyExperimental Procedures
and aligned translationally and rotationally using standard correla-
tion methods and subjected to multivariate statistical analysis (vanYeast Cells, Culture Media and Materials
Saccharomyces cerevisiae (YPH250; Mat, ura3-52, lys2-801, ade2- Heel and Frank, 1981).
101, trp1-1, his3-200, leu2-1), grown in YPD medium (1% yeast
extract, 2% peptone, and 2% glucose), was used for the cloning of Measurement of Intracellular Levels of ROS
the Prx genes and their disruption. In order to analyze the role of To measure the intracellular levels of ROS, yeasts were grown in
sulphiredoxin (srx1) in cPrxI regulation, the srx1-deficient mutant YPD medium until an A600 of 0.5 was reached. They were then treated
yeast (srx1) donated by Dr. Toledano (Biteau et al., 2003) was used. with H2O2 or heat shocked for 10 min, after which the cells were
Yeast Trx and TR were prepared as described (Chae et al., 1994). reacted with 1 mM 2, 7-dichlorofluorescein diacetate (DCFH-DA)
Protein molecular size standards used in polyacrylamide gel electro- and incubated for 5 min at room temperature. The cells were washed
phoresis (PAGE) was purchased from iNtRON’s products (Korea). with phosphate-buffered saline and analyzed by a confocal laser-
Citrate synthase (CS), insulin, -crystallin, bovine serum albumin scanning microscope (Olympus IX70, Japan) with excitation and
(BSA), H2O2, and NADPH were obtained from Sigma. 1,1-bi(4-ani- emission settings of 488 and 530 nm, respectively. Relative fluores-
lino) naphthalene-5,5-disulfonic acid (bis-ANS) was from Molecular cence intensity (Rel. int.) was calculated using 200 cells from
Probes and the high performance liquid chromatography (HPLC) each group.
column G4000SWXL (7.8  300) was from Tosoh (Japan).
Measurement of Cell Viability and Cytosolic Protein
Cloning of Five Yeast Prx Genes and Their Aggregation under Heat Shock and Oxidative Stress
Expression in E. coli The in vivo role of cPrxI was assessed by expressing the native or
Five Prx genes were cloned from yeast genomic DNA by the poly- Cys mutant cPrxI under its own promoter on the low copy centro-
merase chain reaction (PCR) and the three point-mutated cPrxI pro- meric plasmid pRS416 in the cPrxI and II null mutant yeast (denoted
teins (C47S-, C170S-, and C47/170S-cPrxI) were generated by PCR by cPrxI/II). After growing the cells to a density of 0.7 at A600, the
as described (Yang et al., 2002). The Prx proteins were expressed cells were subjected to heat shock at 43C with or without 0.2 mM
in E. coli BL21 (DE3) by using the pGEX expression vector. The H2O2 pretreatment for 10 min. The viability of the cells subjected to
GST-fused Prxs obtained by using a GSH-agarose column were stress was estimated by counting the number of surviving cells
cleaved by thrombin and the mature Prxs were purified as described plated in triplicate on YPD agar plates after 4 days of incubation
(Cheong et al. 1999). DnaK, a contaminant in the GSH column chro- at 30C.
matographic step, was removed by ATP-agarose affinity chroma- The heat shock-induced aggregation of soluble proteins from
tography. To analyze H2O2-dependent structural changes of cPrxI yeasts was analyzed as described by Tomoyasu et al. (2001) with a
in vivo, the proteins obtained from exponentially grown wt yeast slight modification. Yeast cells harvested at an identical cell density
that had been treated with or without 1 mM H2O2 for 10 min were were resuspended in lysis buffer (50 mM potassium phosphate
purified by the procedures described (Chae et al., 1994). During buffer, [pH 7.0], 1 mM EDTA, 5% glycerol, 1 mM PMSF) and lysed
purification, cPrxI was detected by both the activity assay and West- by freezing and thawing. After adding 0.25 volume of zymolase 20T
ern blot analysis on native-PAGE. The oxidation status of cPrxI was (10 mg/ml), they were incubated at 30C for 30 min and the cells
analyzed by two-dimensional (2D) gel electrophoresis followed by were broken by beating them three times with acid-washed glass
immunoblot analysis with an antibody specific for cPrxI as described beads in a bead beater (Biospec products, USA) for 1 min. Each
(Woo et al., 2003). beating was followed by a 2 min cooling at 4C. After removing
intact cells by centrifugation at 3,000 g for 15 min, the membrane and
aggregated fractions were isolated by subsequent centrifugation atSize Exclusion Chromatography (SEC)
SEC on HPLC (Dionex, USA) was performed with a TSK G4000SWXL 15,000 g for 20 min. Pellets containing the membrane and aggre-
gated proteins were then resuspended in 320 l of lysis buffer bycolumn equilibrated at a flow rate of 0.5 ml/min at 25C with 50 mM
HEPES, [pH 7.0] buffer containing 100 mM NaCl. Protein peaks (A280) brief sonification. Membrane proteins were removed by adding 80
l of 10% (v/v) NP40 and centrifuging at 15,000 g for 20 min. Thewere isolated and concentrated using a Centricon YM-30. Protein
fractions obtained from the first SEC were concentrated and stored NP40-insoluble protein aggregates in the pellet were then analyzed
by gel electrophoresis.at 4C until the second SEC was performed.
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